Summary Secondary xylem of woody plants has a large volumetric proportion of gas occupying spaces that would otherwise be filled with water. We examined whether these gasfilled voids have a mechanical role by either decreasing the fresh mass the tree must support (by replacing some of the water with gas) or by providing inexpensive filler to increase stem diameter (thereby increasing the second moment of area at the expense of the modulus of elasticity and modulus of rupture). Calculations from published data show that temperate softwood species (n = 26) average 18 and 50% gas by volume for sapwood and heartwood, respectively; temperate hardwood species (n = 31) average 26% gas by volume in both the sapwood and heartwood; and tropical species (n = 52) with mixed sapwood and heartwood have 18% gas by volume. In this paper, we develop equations to show how gas affects the mechanical behavior of tree stems, and describe model results to show how gas affects mechanical stability, based on mass and stem diameters for six 34-year-old Douglas-fir (Pseudotsuga menziesii (Mirb.) Franco) trees. For the same applied load, modeled stems in which the gas space was filled with water differed in their surface stresses by < 2% from modeled stems in the native state (partially gas-filled), indicating no practical benefit from a reduction in stem mass due to gas. A second modeling scenario compared the native state to stems in which gas was removed and stem diameters decreased (and material properties adjusted to concur with the increased wood density) to conserve mass. Removal of the gas-filled voids resulted in up to 41% higher surface stress for the same applied load, caused by a decrease in the second moment of area greater than the increase in modulus of elasticity. Trees with gas removed had higher modulus of rupture, but could withstand up to 14% lower maximum wind forces than trees in their native state, suggesting a biomechanical role for the gas if the model assumptions are valid. The gas content may, however, have evolved in response to pressures unrelated to biomechanics. We discuss some of its potential effects on sapwood physiology.
Introduction
Sapwood can contain a substantial amount of gas, frequently around 20% by volume, and in some species over 50% by volume. That is, one fifth of the sapwood volume in a living tree is occupied by neither cell wall material nor water. There are no functional explanations in the literature for the presence of this gas in living trees. Wood technologists have long known that wood in green (fresh) logs contains gas. Its presence is important for understanding rates of drying, decomposition and penetration of liquid-and gas-borne preservatives and fire-retardants (e.g., Skaar 1972) . However, tree biologists have focused little attention on the gas, with the result that many probably assume that the internal biological processes of trees occur primarily in aqueous environments as they do in most other organisms. Bone, the analogous load-bearing tissue in vertebrates, is almost always water saturated. The exceptions are a few proximal bones in less than half of the 92 bird species examined (Crisp 1857) .
Mechanical theory states that if more material is placed toward the periphery of a column, the column will be stiffer than if the material is distributed uniformly across it. Thus, wide piths may contribute to the stiffness of a young stem by placing the mass far from the center. Hollow tubular leaves are stiffer when circular than when oval (Niklas and O'Rourke 1987) . One possible explanation for the large amount of gas in stems is that gas allows the stem to have a wider cross-sectional area than if the gas were absent, thereby increasing stiffness. Because saturated tissue has more fresh mass than drier tissue, we also investigated the sensitivity of tree structure to the change in water mass in the stem that occurs when some of the xylem water is replaced with gas. We hypothesized that the function of the gas is to provide mechanical support by the following mechanisms: (1) xylem gas increases the stem diameter without biomass investment (thus increasing the bending stiffness); and (2) xylem gas decreases the water mass that must be supported mechanically above any point. Alternatives, discussed but not tested here, are that the gas' function may be physiological, such as to control respiration or water movement, or that it may serve no adaptive function whatsoever.
We present data collected from the literature to substantiate the claim that there is a large amount of gas in wood of living trees. We then develop equations to show how gas affects mechanical properties and describe the results from modeling to show how the gas affects tree stability. Stem biomechanics were modeled with native gas content (i.e., that found in live trees), diameter and mass, and for alterations of these conditions for six 34-year-old Douglas-fir (Pseudotsuga menziesii (Mirb.) Franco) trees for which mass and diameter information was available. Last, we discuss potential roles and implications of gas in tree stems for tree mechanics and physiology. Our study was intended as an initial exploration of potential effects of gas on mechanics to determine if further research will be useful.
In this paper, gas in tree stems is presumed not to have any pneumatic (pressurized) effects: it simply occupies the xylem volume that is not filled with cell wall material or water. Note that in discussions of wider, less dense stems versus narrower, denser stems we did not consider the microscopic structural features that accompany these differences. Our objective was to apply a tree biomechanics approach to determine if tree stems with high gas content are more stable structurally than stems of the same height and dry mass with low gas content.
Materials and methods

Volumetric gas content of wood
The volumetric proportions of cell wall (C), gas (G) and water (W ) in the sample were calculated based on density and water content data from two sources that listed a variety of species. The cell wall component contains other materials in addition to gas or water, such as sugars and proteins present in the cytoplasm of parenchyma cells and heartwood extractives, but in low volumetric proportions. Because the density and water content values are for commercially important woods, they are probably skewed toward high-density woods, and there is no documentation about the nature of the data comprising any of the tables. For example, the samples used in a table on water content are probably from a different population than those in a table on wood density (which explains why some of the calculated values for gas content are < 0%). Thus, although the values are crude estimates for the species or species groups, the results in aggregate should provide a good overview of the range of existing values.
The first sources of input data are Tables 3-3 and 4-3 in the Wood Handbook, the standard reference for commercial woods of the United States (Forest Products Laboratory 1999), which give values for temperate zone softwoods and hardwoods. Data were tabulated for all taxa (given by trade name, not species) for which the basic density (dry mass/green volume) and water content (water mass/basic density) of heartwood or sapwood, or both, were listed. The water content values in this reference are similar to those for the same species given elsewhere in the literature (e.g., Peck 1953 , Nikolov and Enchev 1967 , Manwiller 1975 , Sparks et al. 2000 . The second source of input data is Table 2 in a handbook on tropical timbers of the Caribbean (Longwood 1962) . The table contains basic density and green density (green mass/green volume) of the heartwood and sapwood combined. The term "green," as in green volume or green mass, refers to the value in a live tree, and is synonymous with fresh.
The proportion of sample volume that is cell wall material (C ) is the basic density divided by the wood density of pure cell wall material. The wood density of pure cell wall material is 1.53 g cm -3 , and is relatively constant across species (reviewed in Kellogg and Wangaard 1969, Siau 1984) . The proportion of the sample volume that is water (W ) is the volume of water in the sample divided by the sample's total volume, where water volume is calculated from the water mass. The proportion of the sample volume that is gas space (G) is 1 -C -W (MacLean 1958). Taking Douglas-fir sapwood as an example and values from the Wood Handbook (Forest Products Laboratory 1999), C is 0.45 g cm -3 divided by 1.53 g cm -3 , or 0.29 (29%). The value of W is 115% water content times 0.45, or 0.52 (52%). The value of G is 1 -0. 29 -0.52, or 19 (19%) .
Biomechanical modeling
Background The model presented in this paper estimates the bending stress along the outside of the stem to the height where the force is applied. Understanding the model requires some background in the Euler-Bernoulli theory of beam bending, which is valid for beams whose end deflection does not exceed about 25% of its length. After a basic overview (for more information, see an engineering mechanics textbook, e.g., Gere and Timoshenko 1984), we solved for several structural and mechanical properties as a function of gas content: stem diameter, wood density, modulus of elasticity, stem deflection, bending moment, modulus of rupture and critical wind speed.
The deflection and longitudinal surface stresses in a beam are functions of the longitudinal Young's modulus of elasticity (E) and the second moment of inertia (I). The product of these two quantities gives the bending rigidity of a beam, with the former a material property and the latter a section property (i.e., a function of the beam geometry). For a tree with a circular cross section of diameter d, the second moment of inertia I, is given by:
If the bending stress in the tree is in the linear elastic region, then the tensile or compressive stress σ in a section of the tree as a result of a bending moment M will vary with distance y from the neutral axis, which is at the center of the stem (Equation 2) (Gere and Timoshenko 1984) .
An additional compressive stress will occur because of the self weight of the tree, but this stress is small compared with the bending stress in a deflected tree. The maximum tensile and compressive stresses occur in the fibers at the surface of the stem (where y = d/2). Substitution of Equation 1 into Equation 2 gives:
Equation 3 shows that an increase in d will lead to a reduction in surface bending stress, σ. Thus, if gas-filled voids increase stem diameter, they will reduce the bending stress. The bending moment acting on a stem comprises two components. The first component is the moment due to a force P, acting at a vertical distance z from the point of interest, which causes the tree to deflect from its vertical position. The second component is the moment generated by the offset mass of the tree stem and branches. For a cantilever beam of uniform cross section, modulus of elasticity E, and length L, the horizontal deflection x(z) at a distance z from the fixed end due to a force P acting at the free end (z = L) is given by:
Substituting Equation 1 into Equation 4 gives:
Therefore, for a given force, an increase in diameter results in a reduced deflection at all points along the stem. In the model used here, stem mass was kept constant while diameter and basic density were altered. That is, the product of stem cross-sectional area and basic wood density G, remains constant. For a given gas content k (0 < k < 1), the new stem diameter is given by:
and the new wood density is given by:
From the literature (Forest Products Laboratory 1999), modulus of elasticity, E (MPa), of green stems can be calculated from the following relationship, where G w is the density of water at standard conditions (taken as 1.00 g cm  -3 ):
Equation 5 shows that stem deflection is inversely proportional to Ed 4 . The relative magnitudes of Ed 4 in the presence and absence of gas-filled voids can be determined by substituting Equation 7 into Equation 8 and combining this with Equation 6, which yields: 
Simplifying this equation gives:
no gas no gas 4 gas gas
Therefore, at all gas contents, E no gas d no gas 4 < E gas d gas 4 , with the difference increasing with increasing gas content. By substituting this result into Equation 5 it is apparent that the deflection x(z) is greater in the stem without gas-filled voids. This deflection in turn will affect the bending moment M(z) because of the mass of the offset stem and branches. The bending moment is given by:
where m is the mass at height h (h > z) and g is the acceleration due to gravity (9.81 m s -2 ). The bending moment due to the mass of the offset stem and crown will also be reduced if a stem has gas rather than water in its voids, because the mass above any point will be lower in the stem with more gas.
The maximum stress that the outer wood can withstand before the tree fails is given by the modulus of rupture in bending (MOR). For green wood, MOR is related to density by the following equation ( 
If the applied load acting on the tree is due to wind, then the bending moment M from wind drag acting on the crown of the tree is given by:
where C 1 is a constant, u is the horizontal wind speed (m s -1 ) and n is a power between 1 and 2 (G. Mayhead, J. Gardiner and D. Durrant, U.K. Forestry Commission, unpublished report, Grace 1977) . Substituting Equation 14 into Equation 3 and assuming that = MOR at rupture, yields:
and rearranging, we get:
where C 2 is another constant combining the previous constants. By substituting Equations 6 and 13 to write MOR and d in terms of their non-gas values, the critical wind speed u gas for the gas-filled tree can be written as a function of the critical wind speed u no gas for a tree without gas:
Therefore, the value of the critical wind speed with gas in the wood must always be larger than the value for no gas. As the wind loading becomes more dependent on wind speed (i.e., n increases), the difference between u gas and u no gas decreases.
Input data The effect of gas on mechanical stability was investigated by modeling the stresses on the outer surface of stems of six 34-year-old Douglas-fir trees. These trees were located in a stand at the HJ Andrews Experimental Forest (44°15′ N , 122°10′ W, 705 m elevation) that was thinned to about 600 trees ha -1 in 1981, fertilized in 1982 and 1984, then felled in 1995. For each tree, values were recorded for the height and diameter of the treetop, locations 5, 10, 15 and 20 nodes down from the treetop, at breast height and at the base. The dry mass of foliage and branches were measured for each five-node region, and the mass of the bole estimated using measured density and geometry (Gartner 2002) . Based on subsampling, green mass values were reconstructed using green mass/dry mass estimates from the field for foliage and branches, and the value of 115% water content for the bole (from Forest Products Laboratory 1999).
Basic density for each tree was taken as the mean of the outer four growth rings from the breast height disk (estimated with an X-ray densitometer, Gartner et al. 2002) . Modulus of elasticity (E) was then estimated for each tree by Equation 8. This property, along with basic density G, was assumed to be constant in the axial and radial directions within the tree. Basic characteristics of the six trees are summarized in Table 1 .
Modeling Each of the six trees was modeled as a tapered cantilever beam, with mass and diameter distributions based on the field measurements. Each tree was divided into 50 sections of equal length and the moment-area method used to calculate tree deflection and longitudinal surface stresses. This approach is particularly effective for beams of variable cross section (Beer and Johnston 1985) . The details of this method are given in Wood (1995) , and are only presented in brief here.
For a tree of height h and mass per unit length m(z), a horizontal point load P acting at height λh gives a deflection profile x(z) (Figure 1 ). The total bending moment M(ξ) at height ξ is given by:
In the model, the bending moment distribution M(ξ) from Equation 12, together with the distribution of stiffness EI(ξ) is used to calculate the new deflection profile:
Equation 19 is then substituted back into Equation 18, and this iterative process is continued until the solution converges. The resulting normalized bending stresses at the stem surface are then calculated from the bending moment distribution by Equation 2. In running the model, a load of 1.0 kN was applied to each tree at the height that yielded the most constant vertical stress profile (visually determined) for the native state (see below) in order to most closely match the natural stress conditions (Wood 1995) . For all trees, this point was between 70 and 75% of total tree height. The same height was then used in the two other modeling scenarios (see below) for a particular tree.
In setting up the model, we assumed that the entire cross section had the gas content of sapwood. This assumption is justified in hardwoods (Table 2) but not in softwoods, in which heartwood has much higher gas content than sapwood. The sapwood value is used because the sapwood is farthest from the neutral axis (has the highest y), and it is also more conservative for the first of the two hypotheses tested. Three scenarios were modeled. (1) Native state: bending stresses on the outer surface of the bole were calculated based on the original stem and crown mass distributions and the original diameter profile. (2) No gas: the assumed gas in the wood (19%, the sapwood value for Douglas-fir) was removed and the new smaller diameter and higher density of the stem were calculated by substituting k = 0.19 into Equations 6 and 7 to maintain the same stem dry mass. (3) Water in voids: the gas in the stem was replaced with water. The increase in stem mass was calculated by multiplying the volume of gas in the native state tree by the density of water (1 g cm -3 ). Neither the diameter profile of the tree nor the stem dry mass was altered. 1242 GARTNER, MOORE AND GARDINER TREE PHYSIOLOGY VOLUME 24, 2004 These three scenarios refer to three materials, not one material that fills different volumes. The model and discussion ignore the microscopic structure of these materials because our focus is on whether these three materials differ in their structural stabilities. If so, further research will be necessary to characterize the possible microscopic arrangements that can provide materials with these properties.
Results
Volumetric gas content
There were species-specific differences in volumetric gas content (Tables 2 and 3 ), but several general trends emerged. For 31 North American commercial hardwoods, the mean proportions of sapwood volume were 0.33 cell wall, 0.42 water and 0.26 gas (Table 2) . Heartwood was almost identical to sapwood in the mean proportions, but some species had more gas in the sapwood and others had more gas in the heartwood.
For 26 North American commercial softwoods, mean proportions of sapwood volume were 0.26 cell wall, 0.57 water and 0.18 gas (Table 2) . Heartwood had a lower water content (0.24) and a higher gas content (0.50) than sapwood.
The commercial tropical woods, which included 51 hardwoods and one softwood (Pinus caribaea Morelet), averaged 0.40 cell wall, 0.42 water and 0.18 gas by volume (Table 3) . These samples included mixtures of both heartwood and sapwood. Note that the tropical species had a higher mean wood density (and proportion of cell wall; the two parameters are linearly related) than the temperate-zone species. There was a significant negative relationship between wood density and proportion of gas for the tropical species (y = -0.599x + 0.549, r 2 = 0.416, where y is proportion of gas and x is wood density or wood proportion). There were no significant relationships between wood density and proportion of gas for the North American commercial wood species, but the tropical woods had a broader density distribution that included 19 species with denser wood than the densest wood in the U.S. sample.
Biomechanical modeling
For each of the three modeled scenarios, the surface stresses are relatively constant in the region between 0.1 and 0.6 h, as shown for one representative tree (Figure 2a ). This region is where the relationship between relative height and diameter cubed is approximately linear (Figure 2b) .
Based on the modeled results for each scenario and each tree, we averaged the surface stress along the zone from 0.1 to 0.6 h. Trees with gas-filled voids removed (no gas scenario) had surface stresses ranging from 126.4 to 141.3% of the values calculated for their native state ( Figure 2a , Table 4 ). In contrast, there was almost no difference in surface stresses when the gas-filled voids were replaced with water (water in voids scenario), with maximum surface stress of 101.6% of the value calculated for the native state.
Discussion
Gas content
Wood in a standing tree contains a large amount of gas. For example, the sapwood of temperate softwoods and hardwoods contains 18 and 26% by volume, respectively. The heartwood of temperate softwoods and hardwoods contains 50 and 26%, respectively, and a heartwood/sapwood mix of tropical hardwoods contains 18%. Additionally, there are large differences in gas content among species. Gas content has previously been reported as volumetric gas content in the physiology literature (e.g., Burger 1929 , Zimmermann 1983 ), but little note has been made of it.
There is more information in the literature on water content than on gas content. The radial distribution of water throughout the stem has been well documented for 55 species (Nikolov and Enchev 1967) . The data show quite constant values within the sapwood, generally with a distinct change near the sapwood border in most softwoods but less of a step-change in hardwoods, followed by a relatively constant water content in the heartwood. Seasonal changes in sapwood water content reflect changes in gas content, because the proportion of wood that is cell wall is constant, once the wood is produced. Xylem water content in temperate zones often decreases from predawn to mid-afternoon, then mostly recovers by 2200 h (e.g., Nikolov and Enchev 1967) , and decreases from early spring to midsummer, then increases until early winter (e.g., Nobuchi and Harada 1983, Pausch et al. 2000) . Regardless of these daily and seasonal variations in water content, we calculated a large amount of gas in wood. For example, we calculated that sugar maple has a gas volume of 23%. Data from an independ- 
bending moment P( h -z) and this is amplified by the offset masses of small stem and crown sections dz, which create bending moments mg(x (ξ) -x(z)).
TREE PHYSIOLOGY VOLUME 24, 2004 ent source show that the gas content of sugar maple outer sapwood varied from about 14 to 40% between spring and late fall (derived from Figure 2 in Pausch et al. 2000 and assuming a green density of 0.56 g cm -3 for sugar maple, Forest Products Laboratory 1999), which shows a large amount of gas even at the wettest time of year. Likewise, cores taken every 6 weeks over 16 months from live Douglas-fir trees showed that gas content varied from 11 to 24% in the outer sapwood, and 13 to 24% in the inner sapwood (Domec and Gartner, unpublished data), compared with the value of 19% in the current study.
Where is the gas localized? Some of the gas must be in the cell lumens as shown by numerous lines of evidence. (1) Gas pockets are visible in some cell lumens in cryo-scanning electron micrographs (e.g., Utsumi et al. 1996 , Tyree et al. 1999 . (2) Gas seeding for embolisms requires the presence of gas, which is more likely to come from cell lumens than from small pore spaces because of the lower energy required to displace the gas from large volumes than from microcapillaries. (3) Staining experiments show that some tracheids or vessels do not conduct stain (e.g., Hargrave et al. 1994) . (4) Specific conductivity of samples from the field is usually lower before samples are flushed at a high pressure to remove bubbles (i.e., Tognetti et al. 1999) . (5) Calculations show that the pore space within cell walls plus rays and intercellular spaces are inadequate to hold all the gas. Cell walls appear to have a maximum of 1/3 pore space, as shown by comparisons of the apparent density of wood from image-analysis measurements of thin sections (about 1.0 g cm -3 , e.g., Petty 1971 , Hacke et al. 2001 , V. Decoux and J.M. Leban, IRNA, Champenoux, France, personal communication) and the actual density of pure cell wall material (about 1.53 g cm -3 , Kellogg and Wangaard 1969 ). This discrepancy is thought to be associated with features that cause the image to overestimate the volume of poreless cell wall area in a transverse section: a "shadow effect" related to parallax (Petty 1971) and pore spaces and pits that are unseen because the thin sections are too thick. Wood with basic density of 0.40 g cm -3 is 26% cell wall by volume. One third of 26% is about 9%, so pore spaces could account for only half the volume (18%) occupied by gas in the sapwood of softwoods. Another 6% of the wood volume is in the rays in these Douglas-fir trees (including parenchyma, ray tracheids and resin canals) (Gartner et al. 2000) , so the rays and pores together cannot contain all of the gas. We know of no estimates of the volume of intercellular spaces, but judging from the appearance of anatomical thin sections, such spaces are unlikely to occupy more than about 1% of the total volume. Thus, some of the gas must be in the lumens of the vessels, tracheids or fibers. If all the gas were in tracheid lumens, for a softwood with a basic density of 0.40 g cm -3 , then about 24% of all tracheid lumens would be filled with gas to account for the amount of gas in wood (calculated as gas volume/(total volume -cell wall volume), or 18%/(100% -26%). In other words, about one quarter of the lumen volume may be gas-filled in live softwood trees.
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Biomechanics
First, our analyses indicate that trees in their native state have a reduced surface stress of up to 41% because the bole diameter is increased by the presence of gas. This is expected because Equation 5 shows that deflection, and therefore stress, is inversely proportional to Ed 4 . The presence of gas has a larger effect on d 4 (Equation 6) than on E (Equations 7 and 8). Thus, it appears that there is the same adaptation for biomechanical advantage in the secondary xylem by woody plants as found in hollow-stemmed plants (e.g., Spatz et al. 1990 ) and plants with wide pith (e.g., Wainwright et al. 1982) . Second, the surface stress is relatively insensitive to the changes in mass resulting from the hypothetical filling of the gas spaces with water.
The calculated stress reductions due to the presence of gasfilled voids are substantial and likely to be significant in reducing the risk of mechanical failure for the tree. Because stress is a linear function of the bending moment (or force, if one assumes a constant application height) that is applied to the tree (Equation 2), the presence of gas allows the six trees in their native state to withstand 26.4-41.3% higher wind force than if the gas was absent.
The increase in wind speed that the gas in stems allows depends on the assumptions relating wind force to wind speed, which are in debate. Traditionally, the wind force acting on a structure is assumed to be proportional to the square of wind speed (Simiu and Scanlan 1996) . However, wind tunnel studies on whole trees (G. Mayhead, J. Gardiner and D. Durrant, U.K. Forestry Commission, unpublished data) showed that the drag force caused by the wind acting on a tree canopy was linearly proportional to wind speed because the canopy streamlined. In this case, the presence of gas would allow the tree to withstand a 41.3% higher wind speed for the same surface stress. This is greater than the 10.9% increase calculated by substituting k = 0.19 and n = 1 into Equation 17, which is valid for a cantilever beam with uniform cross section. In Tree 4, the tree showing the largest change in stress with the removal of the gas-filled voids, the presence of gas allows the tree to withstand between a 18.9% (assuming a quadratic relationship between wind force and wind speed, i.e., u gas = 1.413) and 41.3% higher wind speed for the same surface stress, depending on the assumed relationship between wind speed and wind force.
Overall, the decreases in surface stress caused by the presence of gas more than compensates for the reduction in MOR due to the presence of gas (i.e., MOR gas = 0.808MOR no gas when k = 0.19), and the stem with gas can, therefore, withstand up to a 14% (i.e., 0.808 × 1.413) higher applied force before failing. This result is highly dependent on the assumed effect of gas removal on MOR as well as on the accuracy of our predictions of relative bending stress, but it indicates an apparent adaptive mechanical value for the maintenance of stem gas. The result is also based on linear-elastic assumptions about material behavior that may not hold at the point of tree failure. However, it seems reasonable to assume that the relative magnitudes of the actual maximum applied forces required for failure would be similar to calculated values. It would be interesting to compare wind-adapted ecotypes or species with sheltered individuals, to learn if the wind-exposed individuals have higher gas contents. Likewise, growth forms that are not self-supported (lianas) might be expected to have lower gas TREE PHYSIOLOGY ONLINE at http://heronpublishing.com
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Figure 2. Vertical profiles of (a) normalized outer fiber bending stresses for Tree 5 and (b) crown mass and stem diameter 3 for the native state. Native state = diameter and mass as measured in the field. No gas = stem diameter decreased so there are no gas spaces and mechanical properties have been changed to reflect the higher density. Water in voids = stem diameter is the same as in the native state and gas has been replaced with water, thus increasing stem mass. Table 4 . Difference in the modeled surface stress between the native state and no gas or water in voids for each of the six modeled Douglas-fir trees. Differences are averaged along the portion of the bole between heights of 0.1 and 0.6 m.
Tree
Difference in surface stress from native state (%) contents than self-supported growth forms, like trees and shrubs.
Stem gas and physiology
It is possible that gas pockets have physiological, rather than mechanical roles. For example, gas pockets in xylem may control water movement, if reversals of embolisms occur on a relatively frequent scale, such as diurnally (see Hacke and Sperry 2003) . There is also evidence that trees actively reduce gas content; experiments with phloem-girdled stems suggest that photosynthate is used to recover specific conductivity (Salleo et al. 1996, Holbrook and Zwieniecki 1999) and water content (Taylor and Cooper 2002, Wilson and Gartner 2002 ) that had been reduced by embolisms. The presence of a large amount of gas in sapwood shows that, contrary to the tenets of the pipe model and its modifications (Shinozaki et al. 1964 , Grier and Waring 1974 , Kaufmann and Troendle 1981 , Waring et al. 1982 , Whitehead et al. 1984 , sapwood area is not determined solely on the basis of the need for water transport: some of the sapwood is gas-filled, and thus not water-conducting. The pipe model may appear to be supported by data when the compared stems have similar gas contents, because a unit of sapwood (transport area plus area occupied by gas) may be related linearly to a unit of leaf area.
The existence of a significant amount of gas in sapwood can explain several experimental observations. Lower water content is related to lower specific conductivity in inner versus outer sapwood under field conditions (Puritch 1971 ) and in artificially desiccated stem xylem of conifers (Edwards and Jarvis 1982) . Occasionally, the sap flow estimated by stem flow gauges greatly underestimates the water loss, compared with the water loss recorded gravimetrically (B.L. Gartner, unpublished observations) . This result could be explained by the placement of stem-flow gauges over a gas pocket in the stem. Desiccation cracks in live stems have been reported (Cherubini et al. 1997) . They can only occur if localized water content is less than about 30% (Panshin and de Zeeuw 1980) , which occurs at a gas volume of about 50% for a wood with basic density of 0.40 g cm -3 . Such a value is impossibly low for the bulk water content of the sapwood of a live tree, but perhaps could occur in localized pockets.
The gas may contribute to the control and magnitude of photosynthesis and sapwood respiration. Photosynthesis, which can occur in bark, epidermis and foliage, consumes CO 2 and produces O 2 . The delivery of CO 2 through the transpiration stream (Levy et al. 1999) and by diffusion to green bark (Nilsen 1995) will affect carbon assimilation rate and productivity. Parenchyma cells respire aerobically: they consume O 2 and evolve CO 2 , and are inhibited by high concentrations of CO 2 or low concentrations of O 2 . Parenchyma cells make up about 7% of wood tissue volume in softwoods and 12% in hardwoods (range of 6 -48%, Tables 4-2 and 5-3, Panshin and de Zeeuw 1980) . Temporal and spatial composition and movement of gas, and controls over these features, could be important factors controlling the activities of parenchyma cells. For example, the concentrations of CO 2 and O 2 could cause sapwood to die and heartwood to form (see Carrodus 1971 , control activity of xylem endophytes (reviewed by Boddy 1992) and affect the metabolic costs of storage and of other activities of sapwood parenchyma cells (Frey-Wyssling and Bosshard 1959, Pruyn et al. 2002) .
Conclusions
We demonstrated that the gas in stem xylem may have a substantial adaptive effect on the surface stresses and lateral force (such as that caused by wind) a tree can withstand before breaking. The gas increases the stem's second moment of area (I), which increases structural rigidity without increasing carbon allocation. In contrast, there is only a small effect on surface stress of the extra mass if the stem gas is replaced by water; the ability to reduce tree biomass by replacing water with air does not appear to be of practical importance in these 34-year-old trees.
Stem gas may also play important physiological roles related to water transport, heartwood formation, storage, respiration, photosynthesis and other metabolic activities. It is unknown whether these roles are secondary to the mechanical role of the gas. To gain more insight about the function of gas in woody structures, it will be useful to know more about the gas. For example, is it located within interconnected pathways or in isolated pockets, over what time scale does its composition change, are there intercellular spaces extending through the cambial zone during daily stages of cambial cell turgor (Hook et al. 1972) , where is the gas with respect to the living cells, and to what extent does the plant regulate gas quantities and locations? These questions may be answered by techniques that dynamically image gas pockets and the surrounding cells at the cellular scale (e.g., Holbrook et al. 2001) . The adaptive nature of gas in stems can be examined by comparing plants with different biomechanical demands (e.g., lianas versus shrubs, wind-sheltered trees versus wind-exposed trees), and by including gas content in the list of traits studied to detail the evolution of biomechanical function in different plant forms (e.g., Bateman et al. 1998 , Rowe 2000 .
